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In Brief
Xu et al. demonstrate that DIP-a and Dpr6/10 heterophilic and DIP-a homophilic interactions regulate multiple aspects of circuit assembly including layer-specific targeting, cell survival, and synapse number and distribution in the Drosophila visual system.
INTRODUCTION
The extraordinary diversity of cell surface proteins expressed in different neuron types during development and the complexity of synaptic connectivity suggest that molecular complexity at the cell surface contributes in important ways to synaptic specificity Tan et al., 2015; Zhang et al., 2016) . One attractive notion is that different members of families of cell recognition molecules regulate interactions between related, but different, neurons in a similar way . That is, diversity in their extracellular domains would allow for specific associations between different sets of neurons, but the output (e.g., synapse formation) might be similar. Here, we use genetic analysis guided by biochemical and developmental studies to assess the roles of one cognate pair of proteins within the DIP-Dpr interaction network in regulating circuit assembly in the Drosophila visual system. In many regions of the brain, connections between neurons occur in discrete layers, with different neuron types forming connections in different layers. In the vertebrate and fly visual systems, the inner plexiform layer (IPL) in the retina and the medulla neuropil are arranged in an analogous fashion, with about a hundred different neuronal cell types forming layerspecific patterns of connectivity . In the mouse IPL, classical cadherins and members of the Sema/Plexin family regulate the layer-specific organization of processes in the IPL (Duan et al., 2014; Matsuoka et al., 2011) . In the chick IPL, different Ig superfamily (IgSF) proteins of the related sidekick (sdk), Dscam, and connectin families are expressed in different layers Sanes, 2008, 2012; Yamagata et al., 2002) . Gain-and loss-of-function experiments support their role in establishing layer-specific circuitry. The layer-specific expression of these proteins in the mouse is less pronounced and it remains unclear whether these proteins play the same role in the mouse IPL as in the chick. Genetic studies, however, have shown that Sdk2 regulates synaptic connectivity between one amacrine cell subtype and a specific retinal ganglion cell within a layer of the mouse IPL (Krishnaswamy et al., 2015) . Thus, these data suggest that different related IgSF proteins may act together to determine different layer specificities through a common molecular strategy.
Cell recognition molecules regulating the layered organization of the Drosophila medulla neuropil have also been identified. These have been studied largely in the context of two photoreceptor neurons, R7 and R8, and five lamina interneurons, L1-L5. The axons of these neurons terminate in different layers, elaborate unique morphologies, and form specific patterns of connections with an array of different classes of medulla neurons. Cadherins, semaphorins, receptor tyrosine phosphatases, and netrin/DCC proteins, among others, have been shown to regulate layer-specific innervation in this system Lee et al., 2001; Maurel-Zaffran et al., 2001; Nern et al., 2008; Pecot et al., 2013; Timofeev et al., 2012) . Different recognition systems regulate targeting to different layers. Conversely, in some cases, different recognition molecules regulate targeting of different neurons to the same layer. Combinatorial mechanisms also contribute to layer-specific wiring. For instance, N-cadherin and the protein tyrosine phosphatases Lar and Ptp69D are required for targeting of R7 neurons to one layer HakedaSuzuki et al., 2017; Lee et al., 2001; Newsome et al., 2000) , whereas N-cadherin and Sema/Plexin signaling act in parallel to regulate targeting of L1 neurons to another (Pecot et al., 2013) . Despite progress in identifying molecules controlling the patterning of connections in this system, there is little evidence for a common regulatory logic underlying the patterning of connectivity in different layers.
As a step toward uncovering mechanisms underlying layerspecific connectivity, we used RNA sequencing (RNA-seq) to profile mRNAs encoding cell surface and secreted proteins that are expressed in R7, R8, and L1-L5 neurons just prior to the onset of synapse formation (Tan et al., 2015) . Each neuronal cell type expresses hundreds of genes encoding cell surface proteins, and striking differences in expression were observed between different cell types. This complexity mirrors the diversity of neuronal cell types that each neuronal process encounters within the developing neuropil and the specificity of synaptic connectivity within the mature neuropil revealed through serial EM reconstruction studies (Takemura et al., 2013 . The data suggest that a complex choreography of cell surface protein interactions underlies the formation of neural circuits in the medulla, and also that considerable redundancy may complicate genetic analyses of their functions.
Among the many genes differentially expressed in these neurons, the dprs were particularly intriguing. The Dprs comprise a 21-member subfamily of IgSF cell surface proteins, with each paralog binding to one or more DIPs, a different, though closely related IgSF subfamily with eleven members (Carrillo et al., 2015; Ö zkan et al., 2013; Cosmanescu et al., 2018) . DIPs are expressed in a striking layer-specific fashion, and many DIP/Dpr binding partners are expressed in neurons previously shown to be synaptic partners (Takemura et al., 2013 Carrillo et al., 2015; Tan et al., 2015; Cosmanescu et al., 2018 ; also see Figure S14 ). Previous genetic experiments indicate that DIP-g and Dpr11 regulate circuitry in the M6 layer of the medulla neuropil, but how they function in this process remains unclear (Carrillo et al., 2015; see Results) . This pair of binding partners also regulates the morphologies of synaptic terminals of motor neurons on larval body wall muscles (Carrillo et al., 2015 ).
Here we demonstrate that DIP-a and its interacting partners Dpr6 and Dpr10 play a crucial role in regulating the assembly of neural circuitry in the M3 layer of the medulla using analysis of loss-of-function null alleles, knockins selectively disrupting specific protein interaction sites, genetic mosaics, and gain-offunction perturbations. Together these data support a role for heterophilic interactions between DIP-a and Dpr6/10 in regulating arborization within layers, synapse number, layer specificity, and cell survival of amacrine-like Dm4 and Dm12 neurons. These studies also suggest that DIP-a/DIP-a homophilic interaction regulates circuit development. We propose that different DIP/Dpr binding partners are utilized in a layer-and context-specific way to regulate layer-specific circuitry in the medulla. Our work provides a framework for understanding the role of DIP/ Dpr proteins in circuit assembly by combining genetics with biophysical data.
RESULTS
DIP-a, Dpr6, and Dpr10 Proteins Are Localized to Neuronal Processes in the Developing Medulla Neuropil Using MiMIC technology, including protein (GFP) and transcription (GAL4) traps, we previously showed that DIP-a is expressed in the amacrine-like Dm4 and Dm12 medulla neurons in early pupae, after the onset of neuronal differentiation, and that expression continues into the adult ( Figures 1A-1C ) (Tan et al., 2015) . Both neurons arborize in the M3 layer. Dm4 tiles ( Figure 1B) , whereas the arbors of Dm12 overlap ( Figure 1C ). EM reconstruction studies demonstrated that L3 neurons are presynaptic to Dm4 and are both pre-and postsynaptic to Dm12 neurons S. Takemura, I.A. Meinetzhagen, and L. Scheffer, personal communication) . Consistent with RNAseq studies, Dpr6 and Dpr10 MiMICs and their derivatives revealed expression in L3 neurons, prior to and during synapse formation (Tan et al., 2015) . DIP-a was originally shown to interact heterophilically with Dpr6 and Dpr10 (Ö zkan et al., 2013) . Surface plasmon resonance (SPR) binding studies reported in the accompanying paper have now demonstrated that DIP-a also displays homophilic interactions ( Figure 1D ). DIP-a binds strongly (K D s z 1-2 mM) to Dpr6 and Dpr10D, the Dpr10 isoform predominantly expressed in lamina neurons ( Figure S8 ). In a comprehensive biochemical study, the binding interactions of DIP-a with all other Dprs were either undetectable or weak, with K D > 200 mM . Dpr6 and Dpr10 interactions with DIPa were among the strongest observed for DIP/Dpr interactions. Analytical ultracentrifugation (AUC) analysis further revealed that DIP-a behaves as a homodimer, with K D = 24 mM ( Figure 1D ; Cosmanescu et al., 2018) . In addition to the strong binding to DIP-a, Dpr6 and Dpr10D exhibited weaker binding to a few other DIPs, with K D binding affinities of 19.4 and 54.9 mM to DIP-b, respectively, and 28.4 and 88 mM to DIP-l, respectively. Dpr6 also exhibited a weak affinity to DIP-z of 151 mM, while no measurable affinity was observed for Dpr10D. Thus, although there are no binding partners with substantial affinity for DIP-a other than Dpr6 and Dpr10, there is appreciable binding of other DIPs to both Dpr6/10. Given that each medulla neuron typically expresses a single or a small
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24h APF 24h APF 24h APF Figure 1 . DIP-a, Dpr6, and Dpr10 Proteins Are Localized to Neuronal Processes (A) Schematic of the adult Drosophila visual system. Cell types studied in this paper are shown. Adapted from Fischbach and Dittrich (1989) .
(B and C) Wild-type Dm4 and Dm12 clones labeled by Multicolor Flip-out (MCFO) using Dm4-and Dm12-specific GAL4 lines. Dm4 neuron terminals tile; Dm12 terminals overlap.
(D) K D for interactions (see Cosmanescu et al., 2018 number of DIPs (see accompanying paper), but lamina neurons express many Dprs, we predicted that DIP-expressing medulla neurons were more likely to exhibit loss-of-function mutant phenotypes.
To assess the distribution of DIP-a, Dpr6, and Dpr10 proteins, we generated mouse antibodies to them and stained tissue at different developmental stages ( Figure S1 ). At 24 hr after pupa formation (APF), staining with all three antibodies was observed within the nascent neuropil ( Figures 1E-1E'' ). Staining was not observed in null mutants (insets in Figures 1E-1E'' ). By this stage in development, many Dm4 neurons have already extended their axons into the incipient M3 layer, where they encounter processes, including those of lamina L3 neurons, expressing Dpr6 and Dpr10 proteins ( Figures 1F-1H , S1B, S1C'', and S2A-S2A''); Dm12 neurons project into the brain at about the same stage or slightly later than Dm4 (Figures S2B-S2B''). Dpr6 and Dpr10 are also expressed in other lamina and medulla neurons (Tan et al., 2015 ; Figure S3 ). DIP-a, Dpr6, and Dpr10 proteins were observed in a layer-specific fashion at 24 hr APF. Their expression patterns change during development (Figures S1A-S1C''). Specifically, expression within the incipient M3 layer was prominent at 24 and 48 hr. The expression of all three proteins decreased at later stages of development and was very weak in adults (Figures S1A-S1C''). At 24 hr both Dm4 and Dm12 neurons elaborate processes within the incipient layer, but their arbor patterns are immature ( Figures S2B-S2B'' ). Thus, these data support the notion that interactions between DIP-a proteins or between DIP-a and Dpr6/10 may occur between neurites within target layers in the developing neuropil.
DIP-a Promotes Interactions between Neurons within the Developing M3 Layer
We next sought to assess the role of DIP-a and Dpr6/10 regulating circuitry within the M3 layer. A previous study (Carrillo et al., 2015) reported subtle changes in the morphology of R7 terminals in both DIP-g and dpr11 insertion mutants in the M6 layer. In this study, morphology defects were seen in R7 neurons in which terminals were visualized by overexpression of a short non-functional form of Brp fused to GFP. We did not observe defects in R7 terminal morphology or in the number of Brp puncta in dpr11 null deletion mutant animals analyzed via STaR ( Figure S4 ) . The reasons for the discrepancy between these results are not known. The background frequency of overshoots in heterozygote controls reported using Brp-short in Carrillo et al. (2015) is 3-to 4-fold higher than the frequency we obtained with STaR ( Figure S4B ). Overexpression of Brp-short, thus, appears to produce overshoot phenotypes on its own. Whether the increase in Brp-short overshoots over controls observed for dpr11 MiMIC /deficiency transheterozygotes is due to loss of dpr11 or to a genetic background effect remains to be determined. Similarly, we did not observe targeting defects of L3 neurons to M3 in either DIP-a or dpr6,10 mutants. We, thus, turned our attention to the role of DIP/Dpr interactions in Dm4 and Dm12 development.
To assess whether DIP-a regulates the morphology of Dm4 and Dm12 neurons, we generated DIP-a null mutant neurons in an otherwise wild-type (i.e., heterozygous) background using mosaic analysis with a repressible cell marker (MARCM) (Lee and Luo, 1999 (Figures 2A, 2B , and 2K). By contrast, single Dm12 mutant neurons in a wild-type background exhibit robust defects in target layer specificity. Some 60% of mutant neurons (n = 150 neurons examined) extend an additional branch to M8, where they arborize within this layer ( Figures 2E, 2F , and 2L). This mistargeting was first observed 35 hr APF ( Figures 2I and 2J ), but not at 30 hr. The fraction of Dm12 neurons exhibiting mistargeting increased to that seen in the adult by about 50 hr APF. These data argue that DIP-a promotes interaction of Dm12 neurites with processes of other neurons that project to the M3 layer as early as 35 hr APF and continue to promote interactions to 50 hr APF.
Dm1 neurons also express DIP-a and single mutant Dm1 neurons lacking DIP-a still target to M1 as they do in wild-type. These neurons exhibited a reduction in branch points, but no change in the number of boutons, or the number of active zones scored by the presence of Brp puncta ( Figure S5 ). As the Dm1 phenotype is subtle compared with that of the other two Dm neurons, we focus here on defects in Dm4 and Dm12 arbors in the M3 layer.
We next sought to determine whether DIP-a function requires homophilic binding to DIP-a, or heterophilic binding to Dpr6/10. To address this question, we generated DIP-a mutant alleles that disrupt both heterophilic and homophilic binding (DIPa homo-het ) and homophilic binding only (DIP-a homo ) . We were unable to design mutants that disrupted heterophilic interactions while leaving homophilic interactions intact. Mutant proteins were expressed at levels similar to wildtype, as assessed using antibodies to optic lobe tissue at 40 hr APF ( Figures S6A-S6C') . We assessed the phenotype of single mutant neurons harboring knockin mutations using MARCM. Both Dm4 and Dm12 neurons homozygous for DIP-a homo were indistinguishable from wild-type ( Figures 2D, 2H , 2K, and 2L). By contrast, the morphology and targeting of Dm4 and Dm12 neurons homozygous for DIP-a homo-het were indistinguishable from DIP-a null mutant neurons (Figures 2C, 2G, 2K, and 2L) . The simplest interpretation of these data is that heterophilic, but not homophilic, binding is necessary for targeting. As we were unable to generate alleles that disrupted heterophilic interactions only, however, it remains possible that either heterophilic or homophilic binding is sufficient to promote interactions within M3.
Altering the Layer-Specific Expression of Dpr10 Leads to Dm4 and Dm12 Mistargeting
The analysis of MARCM clones described above suggested DIP-a binding to Dpr6/10 mediates interactions of Dm4 and Dm12 neurites with other neuronal processes within M3. But do Dpr6, Dpr 10, or both Dprs in M3-projecting neurons specify targeting of Dm4 and Dm12 processes to this layer? If so, they must be partially redundant with other molecules, since processes of DIP-a mutant neurons still arborize in M3, although they have abnormal distributions within that layer (Dm4) or target to an additional layer (Dm12). To determine whether interactions of DIP-a with Dpr6/10 can direct Dm4 or Dm12 processes to a target layer, we used a gain-of-function approach. We expressed Dpr10 in the nascent inner medulla just underlying the incipient M3 layer using the 42F06-GAL4 driver in T4 neurons (T4-GAL4). The T4 dendrites arborize within this layer, the incipient M10 layer; subsequent growth of the medulla neuropil leads to substantial separation of the developing M3 and M10 layers in the mature medulla (Figures 3A'-3C', 3A''-3C'', S7A, and S7A'). This driver is also expressed in T5, but as these neurons do not project into the medulla, this feature of the expression is unlikely to influence DIP-a expressing Dm4 or Dm12 neurons (Maisak et al., 2013) . There are two protein isoforms of Dpr10 annotated in Flybase, Dpr10-PA and Dpr10-PD. Dpr10-PA contains an additional 46 amino acids between Ig1 and Ig2; these isoforms are otherwise identical. We performed RT-PCR experiments using mRNA from whole brain extracts from 3rd instar larvae and three stages of pupal development (i.e., 24, 42, and 72 hr APF) to assess expression of these isoforms. Only Dpr10-RD (renamed here as Dpr10D) was expressed ( Figure S8 ). Accordingly, we expressed Dpr10D under the control of the T4-GAL4 driver. In early pupae Dpr10D protein accumulated in developing T4 dendrites located just beneath the incipient M3 layer in close proximity to nascent Dm4 and Dm12 processes ( Figures 3A-3C , S7A, and S7A'). 
(legend continued on next page)
Both wild-type Dm4 and Dm12 axons were efficiently re-targeted to T4 dendrites in response to ectopic Dpr10D (Figure 3 ). Dm4 targeting was virtually complete in a dpr6,10 double mutant background in which Dpr 10D was misexpressed in T4 ( Figures  3C-3C ''). Only a few small branches remained in M3 ( Figure 3C ', arrowhead), suggesting that all Dm4 neurons mistargeted. This phenotype was suppressed by removing DIP-a ( Figures 3D-3D '') or in animals carrying the DIP-a het-homo allele (Figures S7A-S7A''), but not in animals carrying the DIP-a homo allele (Fig- ures S7B-S7B''). Mistargeting was not seen in reponse to misexpression of Dpr10D het , a mutant form of Dpr10D that does not bind to DIP-a ( Figures 3E, 3E ', S7D, and S7D'; Cosmanescu et al., 2018) . The effect of competition for targeting between the two layers was highlighted in mistargeting experiments carried out in an otherwise wild-type background. Here the mistargeting of Dm4 to M10, though substantial, is attenuated ( Figures  3F and 3F' ). The substantial mistargeting in this background presumably reflects the higher level of expression from T4-GAL4 than endogenous expression. Similar mistargeting was seen for Dm12 neurons in response to T4-driven Dpr10D (Figures 3G-3J), as well as for both Dm4 and Dm12 in response to Dpr6 misexpression (Figures S7C-S7C''). These data indicate that DIP-a/Dpr10 (or Dpr6) binding is sufficient to promote interactions between processes in a layer-specific fashion.
Changes in the Number and Distribution of Presynaptic Sites in DIP-a Mutant Dm4 and Dm12 Neurons
We next sought to assess whether DIP-a was required in Dm4 and Dm12 neurons to control synaptogenesis. This was done by combining MARCM with the STaR technique ( Figure 4A ). This facilitates the generation of single mutant DIP-a neurons in which the presynaptic active zones in these neurons, and only in these mutant neurons, are selectively labeled with a unique epitope tag inserted into Brp, a presynaptic protein expressed in a modified BAC under the control of its endogenous regulatory mechanisms ( Figure 4A ). These Brp puncta are easily counted; in control experiments the number of these puncta corresponds well to synapse counts determined by electron microscopy . In mutant Dm4 and Dm12 there was a 37% and 35% loss of Brp puncta, respectively ( Figures 4B, 4C , 4E, 4F, and 4H).
For Dm4, this decrease was commensurate with the reduction in the number of columns covered; the density of synapses in each column remained the same as in wild-type (Figures 4B, 4C, 4H, and 4I) .
By contrast, the decrease in the number of Brp puncta in Dm12 branches within M3 was not matched by a decrease in the number of columns covered within the layer; a slight decrease in column coverage in mutant Dm12 neurons (19.8 ± 2.1 to 17.4 ± 2.3 with a p value of 0.02) was observed, but this decrease was modest compared to the decrease in synapse number. Indeed, here the density of synapses was decreased by 30% ( Figures 4E, 4F, 4H, and 4I ). This decrease in M3 synapses was seen both in Dm12 mutant neurons that arborize in M3 only and in Dm12 mutant neurons arborizing in both the M3 and M8 layers (Brp puncta in M3: wild-type Dm12, 80.1 ± 12.3; DIP-a mutant Dm12 arborizing in M3 only, 54.3 ± 13.7; DIP-a mutant Dm12 arborizing in both layers, 51.6 ± 13.4). In addition, Dm12 neurons that arborized within M8 also elaborated Brp puncta within this layer (19.1 ± 14.6), consistent with these mistargeted branches forming synapses in an inappropriate layer ( Figure 4F ). The total number of Brp puncta in mutant neurons that target to both M3 and M8, however, was not significantly different from the number of Brp puncta in M3 observed in wild-type Dm12 neurons. DIP/Dpr interactions may play a direct role in regulating synapse formation or maintenance in M3, or alternatively may act only indirectly to regulate this process by promoting interactions between appropriate synaptic partners.
Synaptic defects in DIP-a homo and DIP-a homo-het were also as- Figure S9A ). These observations suggested that DIP-a levels may also regulate cell number through survival, competition, or proliferation. This is consistent with previous studies from the Zinn group demonstrating that loss of DIP-g led to a reduction in Dm8 cell number (Carrillo et al., 2015) .
(F and F') T4-GAL4 drives expression of UAS-Dpr10 in the medulla M10 layer, in an otherwise wild-type background. Note phenotype is not as strong as in a dpr6,dpr10 double mutant background (see C''). for Dm12 ( Figure S9B ), and a stronger phenotype of Dm4 cell loss was seen in both mutant backgrounds (40%-50%) ( Figure 5A ). The penetrance of the phenotype caused by removing both Dpr6 and Dpr10 is similar to that seen for DIP-a mutants. Single dpr6 and dpr10 mutants had less severe phenotypes. This supports the idea that they have partially overlapping functions, which is consistent with their biophysically determined DIP-a-binding properties ( Figure 5A ). Removing all three genes led to a cell loss phenotype similar to DIP-a alone or the dpr6/dpr10 double mutants, consistent with these genes acting in the same pathway ( Figure 5A ).
We next sought to determine when cell loss occurred in mutants. As Dm4 cell loss is more dramatic than Dm12 loss, and as suitable cell-type-specific markers are available as early as 24 hr APF for Dm4, but not for Dm12, we focused on the kinetics of Dm4 cell loss ( Figure 5B ). Using several different GAL4 lines expressed in Dm4 during development, we assessed cell number from 24 hr APF into the adult. Figures 5B and S9C) . Interestingly, the number of Dm4 neurons in animals in which p35 was driven in DIP-a-expressing neurons, in either wild-type or DIP-a mutant animals, exceeded the number in wild-type, suggesting that about 10-15 Dm4 neurons are lost through apoptosis during normal development ( Figure S9C ). The finding that the number of Dm4 neurons generated at different stages of development was increased at 24 hr in animals expressing P35 supports this interpretation ( Figure 5B ). This is consistent with an increase in the fraction of Dm4 neurons with increased caspase activity from 2% in wild-type to 20% in DIP-a mutants at this stage in development (as assessed using Apoliner, a genetically encoded caspase sensor; Figures 5C-5E) (Bardet et al., 2008) . Importantly, all Dm4 neurons expressing DIP-a at 24 hr APF had extended axons into the medulla neuropil. Most, if not all, of these axons had already reached the nascent M3 layer, where DIP-a overlaps with the expression of both Dpr6 and Dpr10 proteins ( Figures 1F-1H) . Cell death appears to occur after Dm4 processes have extended into the Dpr6/10-rich developing M3 layer, but prior to synapse formation. Together, these data indicate that the number of Dm4 neurons is controlled by apoptosis during normal development and that survival is influenced, at least in part, via DIP/Dpr signaling. DIP-a and Dpr6,10 Proteins Suppress Dm4 Cell Death In Drosophila, cell death signals typically activate transcription of pro-apoptotic proteins, including Reaper, Hid, and Grim (Vernooy et al., 2000) . These proteins bind to and antagonize inhibitor of apoptosis proteins (IAPs), thereby activating caspases and cell death. We assessed the expression of reaper, hid, and grim using transcriptional reporters (rpr-11-lacZ [Nordstrom et al., 1996] , hid-GFP [Tanaka-Matakatsu et al., 2009] , and a MiMIC for grim [Venken et al., 2011] ) in wild-type and DIP-a mutant animals. At 24 hr APF, hid-GFP and grim MiMIC, but not rpr-LacZ, were detected in both wild-type and DIP-a mutant Dm4 cells (Figures 5F, 5F', 5G, S9F, and S9G). The number of Dm4 cells positive for grim was the same in wild-type and DIP-a mutant pupae. By contrast, there was an increase in the number of Dm4 cells positive for hid-GFP signals in DIP-a mutants compared to wild-type ( Figure 5G ). This is consistent with DIP-a antagonizing a hid-mediated apoptotic pathway. Indeed, removal of one copy of hid, but not of a single copy of grim, led to an increase in cell number in both DIP-a null and DIP-a homo-het mutants ( Figure 5H ). Removing one copy of rpr also did not change Dm4 cell number ( Figures S9H and S9I ). These data support a model in which DIP-a acts upstream of hid to dampen its expression and thereby promotes Dm4 survival. The Reduced Number of Dm4 Neurons Leads to an Increase in Column Coverage in DIP-a and dpr6,dpr10 Mutants Like wild-type Dm4 neurons, Dm4 neurons in a DIP-a homozygous or dpr6,dpr10 double mutant animal tile. In these mutants, however, there is a marked decrease in cell density. As a consequence, the number of columns covered by Dm4 arbors increases considerably (from 18.6 columns to 26.1 columns) ( Figure S10A ). By contrast, in animals in which cell death is suppressed either in a wild-type background (i.e., excess Dm4 neurons are generated during normal development) or in a DIP-a homozygous mutant, there is an increase in cell number and a commensurate decrease in the number of columns covered (11.3 columns) ( Figure S10A ). In summary, there is a reciprocal relationship between the number of Dm4 neurons and the number of columns covered ( Figure S10A ). Paradoxically, DIP-a mutant neurons in an otherwise wild-type background cover fewer columns than their wild-type counterparts, whereas the column coverage of individual Dm4 mutant neurons in a homozygous animal is increased. Thus, in homozygous animals Dm4 neurons compete equally for territory, but as there is a reduction in the number of Dm4 neurons there is an increase in the number of columns covered. By contrast, in mosaic animals a homozygous mutant cell competes poorly with wildtype neighbors for space and, hence, one sees a reduction in the number of columns covered by the mutant cells. Summary Blocking apoptosis increased Dm4 cell number beyond wildtype, both in wild-type animals and in mutant backgrounds. Thus, DIP/Dpr interactions during normal development play a role in regulating cell number. As the processes of Dm4 neurons tile, in wild-type, mutant, and diap1-rescued mutants (i.e., with increase Dm4 cell number), cell number correlates with the size of the receptive fields, and thus modifies their function. The selection against single neurons lacking DIP-a and for single neurons expressing an increased level of DIP-a suggests that competitive interactions between neurons mediated by DIP/ Dpr interactions regulate cell number.
DIP/Dpr Interactions Regulate Cell Survival in Other Dm
Neurons DIP-a is also expressed in Dm1 neurons, which arborize within the M1 layer, where they co-localize with processes expressing Dpr6 and Dpr10. A 25% decrease in these cells was also seen in both DIP-a mutants and animals lacking both Dpr6 and Dpr10 ( Figure S11A ). In a previous study, Zinn and colleagues reported a reduction in Dm8 neurons, which arborize in the M6 layer, in an insertion allele of DIP-g. By contrast, loss of cells was not seen for insertions in Dpr11, a high-affinity ligand of DIP-g expressed in R7, a synaptic partner of Dm8 (Carrillo et al., 2015) . We generated protein null alleles of both DIP-g and dpr11. We observed a marked decrease in the number of Dm8 neurons in both mutants, consistent with our findings on DIP-a and its Dpr ligands (Figure S11B) . Here DIP-g and dpr11 also suppress cell death (data not shown), and this occurs through a competitive mechanism (K. Menon, M. Courgeon, C. Desplan, and K. Zinn, personal communication). Thus, DIP/Dpr interactions may regulate Dm cell number in different layers through a common molecular strategy.
DIP/Dpr Binding Is Sufficient to Promote Cell Survival
We next sought to assess whether interactions between DIP-a and Dpr6/10 were necessary for cell survival. DIP-a homo-het showed a cell loss phenotype similar in severity to DIP-a null mutants, whereas Dm4 cell number in DIPa homo knockins was indistinguishable from wild-type ( Figure 6A ). Furthermore, a knockin mutation into dpr10, which prevents binding to DIP-a ( Figures  S6D and S6D' ), in an otherwise dpr6 mutant background, also resulted in a cell loss phenotype indistinguishable from either DIP-a null or dpr6,10 double null mutant animals ( Figure 6B ).
Thus, these findings support the notion that DIP-a/Dpr6,10 interactions are necessary for cell survival.
To determine which cells are capable of presenting Dpr6 and Dpr10 to Dm4 neurons to promote survival of DIP-a-expressing neurons, we assessed the ability of expression of Dpr6 or Dpr10 in different neurons to rescue the loss of Dm4 neurons in dpr6/10 double mutants ( Figure 6C ). Dpr10D transgene expression in L3 rescued cell death in dpr6/10 double mutants, as did expression of Dpr10D in all lamina neurons. Interestingly, expression of Dpr10D in developing T4 neurons, which leads to mistargeting of Dm4 neurons to M10 (see above), also suppressed the mutant Nectin3 driven by the combined activity of dpr6-GAL4 and dpr10-GAL4 (n: 10-24 optic lobes; ***p < 0.0001, unpaired t test).
(F) Total Dm4 cell number in rescue experiments using UAS-DIP-a driven by various GAL4 drivers in dpr6,dpr10 double mutants. Note that although loss of DIP-a homophilic binding does not lead to a reduction in cell number (see A), ectopic expression of DIP-a can rescue cell survival in animals lacking Dpr6 and Dpr10 through homophilic binding (n = 8-15 optic lobes; ***p < 0.0001, unpaired t test). Cell numbers for (A) and (B) were quantified as adults and (C), (E), and (F) in pupae at 48 hr APF. (A)-(C), (E), and (F) are represented as mean ± SD. See also Figures S6, S12 , and S13.
phenotype ( Figure 6C ). These data support the notion that it is not the nature of the cell itself expressing Dpr6 or Dpr10 that is crucial for cell survival, but rather it is the binding of Dpr6 or Dpr10 to DIP-a that is sufficient to transduce a survival signal.
To provide additional support for the importance of binding between DIPs and Dprs to regulate cell number, we generated chimeric proteins comprising interacting domains of a different receptor ligand complex not found in Drosophila, which selectively bind to each other, and tested their ability to rescue the Dm4 cell number phenotype. Ö zkan and co-workers employed a similar approach to explore the role of interactions between the D1 domains of Syg1 and Syg2 in C. elegans through chimeras with members of the same family from vertebrates (Ö zkan et al., 2014) . Previous biochemical studies demonstrated that heterophilic binding between Nectin1 and Nectin3 was mediated by their N-terminal Ig domains with an interface similar to that seen for DIP/Dpr interactions (Carrillo et al., 2015; Harrison et al., 2012) (Figure S12A ). Like DIP-a, Nectin1 also promotes homophilic interactions. We generated chimeras between Nectins and DIP/Dprs, such that the DIP/Dpr heterophilic interaction was replaced by interacting domains of Nectin1 and Nectin3 (Figure 6D ). These were then tested to assess whether Nectin 1/Nectin 3 interactions were sufficient to rescue the DIP-a mutant phenotype ( Figure 6E ).
The DIP chimera comprised the N-terminal Ig domain of Nectin1 in place of the N-terminal domain of DIP-a (DIP-a Nectin1 ), and the Dpr chimera contained the N-terminal domain of Nectin3 in place of the N-terminal Ig domain of Dpr10 (Dpr10 Nectin3 ) (Figure 6D) . AUC experiments showed that the DIP-a Nectin1 chimera dimerized with a K D of 2 mM, whereas SPR experiments showed heterophilic binding between the two chimeras was of similar strength, with a K D of less than 5 mM ( Figure S12B ). Thus, the chimeric proteins showed heterophilic binding properties of similar affinities to that of DIP-a/Dpr10, but, by contrast, DIP-a Nectin1 homophilic binding was stronger than DIP-a.
To assess whether the nectin chimeras were sufficient to promote cell survival, we assessed whether a homozygous DIP-a Nectin1 knockin, with a strong loss-of-function phenotype (the chimeric protein is expressed similarly to wild-type protein; Figures S12C-S12F), could be rescued by expressing a cDNA encoding the Dpr10 Nectin3 chimera under the control of two GAL4s representing the composite pattern of expression of both Dpr6 and Dpr10. Substantial rescue was observed, further supporting the view that interaction between wild-type DIP-a and Dpr6/10 is sufficient to provide trophic support (Figures 6E) . By contrast to Dpr10D, however, expression of the Dpr10
Nectin3 chimera in the nascent M10 layer in this genetic background was not sufficient to promote mistargeting. This may reflect lower levels of expression of either of the nectin chimeras or both of them, an important role for structural determinants outside the D1 domains for this function, or competition from the substantially stronger homophilic binding of the DIP-a Nectin1 chimera (2 mM) retaining Dm4 within M3 compared to DIP-a homophilic binding (24 mM) in wild-type, which may not be sufficient to do so. Together, these experiments indicate that DIP-a/Dpr10 binding promotes trophic interactions between neurons. Dpr6/ Dpr10 binding to DIP-a may directly activate a signaling pathway suppressing apoptosis, or alternatively this binding may promote interactions between processes of neurons destined to be synaptic partners within the layer, which in turn, allow other antiapoptotic ligands and receptors to bind to each other to promote cell survival.
Regulation of Cell Interactions through DIP-a Homophilic Binding
As shown in Cosmanescu et al., several DIP paralogs including DIP-a exhibit homophilic binding in addition to heterophilic interactions with Dprs. In the previous sections, we presented evidence that DIP-a/Dpr6,10 heterophilic binding regulates patterning of visual system circuits. These studies make a strong case for heterophilic interactions in regulating cell survival, but it remains unclear to what extent DIP-a homophilic binding contributes to patterning. That DIP-a homophilic interaction functions during normal development was indicated by the 50% increase in presynaptic sites per column in DIP-a homo mutant Dm4 neurons in an otherwise wild-type background ( Figures  4F and 4G ). This increase in Brp puncta in DIP-a homo mutant neurons may reflect an inhibitory role of homophilic binding (i.e., antagonizing a synaptogenic Dpr6/10 heterophilic interaction), a decrease in K D for heterophilic interactions also seen in these mutants (i.e K D s for Dpr6 and Dpr10 binding to wild-type DIP-a range from 1.7 to 2.4 mM, whereas their binding is considerably stronger to DIP-a homo protein (i.e., K D = 0.4 mM) (see Cosmanescu et al., 2018), or both.
To directly test whether interactions can occur between DIP-a proteins in the absence of Dpr6 and Dpr10, we assessed whether homophilic binding could substitute for heterophilic interactions in transgene rescue and gain-of-function experiments. Expression of DIP-a in the outer medulla effectively rescued the Dm4 cell loss phenotype in a dpr6,dpr10 double mutant background ( Figure 6F ). By contrast, unlike misexpression of Dpr6 or Dpr 10, DIP-a misexpression under the control of the T4 driver did not lead to massive mistargeting of Dm4 or Dm12 neurons to M10, and no significant rescue of Dm4 cell number was observed ( Figure 6F ). Interestingly, however, some 50% of the samples analyzed showed a small number of Dm4 neurons, expressing DIP-a at endogenous levels, projecting through the medulla and into the lobula ( Figure S13 ).
In summary, gain-of-function and transgene rescue studies support the notion that DIP-a/DIPa binding also can regulate interactions between cells. These interactions are sufficient to promote cell survival, but only weakly promote motility when compared to DIP/Dpr interactions. That loss of DIP-a homophilic binding in single Dm4 neurons increases synapse number appreciably raises the intriguing possibility that homophilic DIP interactions may regulate cellular interactions during normal development through inhibiting heterophilic DIP/Dpr binding.
DISCUSSION
The DIP/Dpr protein families exhibit complex biochemical interactions. Some DIP and Dpr proteins bind homophilically and all paralogs bind heterophilically, albeit with different affinities and degrees of specificities. Furthermore, these proteins are expressed in cell-type-specific patterns and high-affinity interactors are frequently expressed on synaptic partners. These findings, the cellular complexity of the visual system, and the specificity of synaptic connectivity led us to propose that DIP/ Dpr proteins contribute to the establishment of layer-specific neural circuitry. As a step toward critically addressing this possibility, we report here that DIP-a and its high-affinity binding partners Dpr6 and Dpr10 regulate interactions between processes within the M3 layer.
As the phenotypes in DIP-a homozygous mutants and DIP-a homozygous mutant neurons in a wild-type background are different from each other, for clarity we summarize them here before discussing the results in more detail. In homozygous animals lacking either DIP-a or both Dpr6 and Dpr10, there is a reduction in the number of Dm4 and Dm12 neurons. Layer-specific targeting of these cell types is unaffected. There is no obvious change in the morphology Dm12 neurons in DIP-a or dpr6/10 homozygous animals. There is, however, an increase in the number of columns covered by each Dm4 neuron within the M3 layer. As both wild-type and mutant Dm4 neurons tile, the increase in the number of columns covered may reflect the decrease in cell number and argues that column coverage is governed by homotypic interactions (i.e., Dm4/Dm4 interactions independent of either DIP-a or Dpr6/10).
We explored the role of DIP-a and Dpr6,10 in controlling cell number in depth in the context of Dm4. We demonstrated that DIP-a and Dpr6,10 heterophilic interactions promote cell survival by antagonizing a hid-activated cell death pathway. Developmental studies, antibody staining, and knockin mutant and chimeric rescue experiments support the notion that the interactions between this DIP/Dpr pair occur between axonal processes as they first encounter one another within the incipient M3 layer. The simplest interpretation of these data is that Dm4 neurons are generated in excess during normal development and interactions between them and L3 afferents (and perhaps other Dpr6-and Dpr10-expressing processes in M3) act as a source of limited trophic support, thereby determining the number of Dm neurons surviving into the adult. As Dm4 neurons tile, the number of Dm4 neurons indirectly sets the number of columns covered. This is consistent with the decrease in the extent of Dm4 arborization in animals with more Dm4 neurons as a consequence of Diap1 expression.
That interactions between DIP-a and Dpr6/10 regulate other aspects of Dm4 and Dm12 development was seen in genetically mosaic animals, in which DIP-a was selectively removed from single Dm4 or Dm12 neurons in an otherwise wild-type background. Different phenotypes in DIP-a mutant Dm4 and Dm12 neurons were observed: (1) There was a 30% decrease in the number of columns covered by mutant Dm4 neurons in mosaic animals. This is different from the number of columns covered by mutant neurons in a mutant background; presumably extension of processes within the layer is promoted by these DIP/Dpr interactions, such that mutant neurons compete less effectively for territory within the layer with their wild-type counterparts. There was no defect in layer-specific targeting. (2) By contrast to Dm4, in mosaic animals single DIP-a null mutant Dm12 neurons exhibited a robust mistargeting to another layer. Although all mutant Dm12 neurons targeted to M3, 60% of these sent additional processes to M8, where they arborized within this layer. A modest (10%) reduction in column coverage in M3 was observed. (3) Removal of DIP-a from Dm12 led to a 30% reduction in the density of presynaptic sites. By contrast, the removal of DIP-a did not lead to a change in the density of presynaptic sites in Dm4. (4) DIP-a het-homo mutant neurons, in which DIP-a heterophilic and homophilic interactions were disrupted, led to phenotypes in Dm4 and Dm12 indistinguishable from those seen in DIP-a null mutant neurons. (5) DIP-a homo mutant neurons in a wild-type background led to an increase in the number of presynaptic sites in Dm4, but not in Dm12. Together, these data support a role for interactions between DIP-a on the surface of Dm4 and Dm12 neurons on mediating interactions with the processes of other neurons, notably L3, and perhaps other neurons within the developing M3 layer that are important for establishing neural circuitry.
Gain-of-function studies provide additional strong support for this conclusion. Misexpression of Dpr10 (or Dpr6) in a different layer from the expression in wild-type animals led to a nearly complete re-specification of targeting to this layer of both Dm4 and Dm12 axonal processes. This finding and the dependence of mistargeting upon DIP-a provide compelling evidence that binding observed in vitro occurs in vivo and contributes to the establishment of layer-specific circuitry. These observations are also consistent with the overlapping expression patterns of Dpr6/10 and DIP-a proteins in the developing neuropil. Thus, gain-and loss-of-function mutations leading to defects in arborization, layer-specific targeting, synapse number, and cell survival provide compelling evidence that interactions between DIP-a and Dpr6/10 on the surface of neurons in the developing M3 layer are necessary for normal circuit development. The mechanisms by which these interactions regulate these specific developmental processes, however, remain poorly understood.
It remains plausible that these different phenotypes result from a range of effects on cell viability, from death to compromised cell function. But as P35 expression in single mutant Dm12 neurons does not rescue the targeting defects ( Figure S10B ), we favor the view that these wiring phenotypes are independent of cell survival. Other ligand/receptor pairs regulating both wiring and cell survival have been described, including the classical neurotrophins (Lykissas et al., 2007) , and clustered protocadherins (Ing-Esteves et al., 2018; Kostadinov and Sanes, 2015; Lefebvre et al., 2012; Wang et al., 2002) . Whether the interactions between DIP/Dpr proteins directly control survival, targeting, or synapse number, or whether they facilitate interactions between other cell surface proteins that, in turn, directly regulate specific effector functions, is not known.
Striking differences between the Dm12 mutant phenotypes in different genetic contexts were observed. Mistargeting of Dm12 was seen in sparsely distributed DIP-a mutant neurons in a wildtype background, whereas the targeting of mutant Dm12 neurons in a whole-animal DIP-a null mutant was unaffected. Whether this difference reflects the activation of compensatory mechanisms in homozygous animals or whether the juxtaposition of single null neurons with wild-type neighbors artificially uncovers redundancy by creating neighboring neurons with different ''competitive'' fitness is not known. In addition to the aforementioned targeting differences, mutant Dm12 neurons nestled within an otherwise wild-type background showed a reduced density of presynaptic sites compared to wild-type or mutant neurons in an all mutant background. Indeed, there was no difference in the density of synapses seen in wild-type Dm12 neurons compared to mutant Dm12 neurons in an all mutant background (data not shown). As each L3 neuron receives input from three different Dm12 neurons (S. Takemura and L. Scheffer, personal communication) , these data are consistent with DIP-a mutant Dm12 neurons in mosaics being at a competitive disadvantage relative to wild-type Dm12 neurons synapsing on the same L3. That is, we would anticipate a compensatory increase in the number of synapses in the two remaining wild-type Dm12 partners.
The discrepancy in phenotypes between mutant neurons in an all mutant background and mutant neurons with wild-type neighbors is similar to recent observations on the effects of neurexin knockouts in climbing fiber synapses on Purkinje neuron dendrites (Chen et al., 2017) . Here, severe synaptic phenotypes were observed in sparsely labeled triple mutant neurons in a largely wild-type background, compared to only very weak phenotypes observed in sparsely labeled triple mutant neurons with many triple mutant neighbors. Similar observations were made on the dendritic targeting behavior of Dscam4 mutant lamina L4 neurons. Phenotypes were seen in homozygous Dscam4 mutant neurons with wild-type neighbors, but not in homozygous neurons in a homozygous mutant background (Tadros et al., 2016; W. Tadros and S.L.Z., unpublished data) . These studies suggest that genetic mosaic analyses may establish artificial competitive interactions between neurons, which, in turn, uncovers gene function.
Correlating the expression patterns and binding specificities of different DIPs and Dprs revealed that many cognate DIP/Dpr pairs are expressed on synaptic partners throughout the visual system ( Figure S14 ). That matched expression patterns reflect function is supported by the finding that two DIPs (DIP-a and DIP-g) and their high-affinity ligands (Dpr6/10 and Dpr11, respectively) regulate layer-specific circuit assembly. The role of the DIP and Dpr families in regulating specificity more broadly is likely to be complex as binding affinities between different DIPs and Dprs vary over two orders of magnitude and some Dprs and DIPs also exhibit homophilic binding.
The increase in synapses in Dm4 neurons seen in DIP-a homo mutants raises the interesting possibility that homophilic interactions may inhibit and thereby modify heterophilic interactions. In principle, homophilic interactions regulating synapse number could occur between DIP-a proteins acting in cis (i.e., in Dm4), or alternatively in trans with other cells with arbors within the layer (e.g., in Dm12) to antagonize a synaptogenic signal generated by heterophilic interactions between synaptic partners. In other contexts, however, such as cell survival, homophilic interactions in trans may also promote similar responses to heterophilic binding, as we observed targeted expression of DIP-a substituting for a cell survival phenotype seen in dpr6/ dpr10 mutants. The inconsistencies of these results, the antisynaptogenic signal and pro-cell survival signals, could also reflect differences in expression levels. In the former case, the homophilic binding-deficient form was expressed from the endogenous locus, acted cell autonomously at normal levels, and with the same spatiotemporal pattern as wild-type. By contrast, overexpression of DIP-a under the control of the GAL4/UAS system was sufficient to promote survival in a cellnon-autonomous fashion. Together these data raise the exciting possibility that circuit organization, in part, reflects different types of interactions between various DIPs and Dprs on neuronal processes leading to a variety of functional outputs.
Although there are many Dprs and DIPs, they represent only a small number of the vast array of cell surface proteins expressed in neurons in the developing visual system. There are over 100 neuronal cell types contributing processes, axons, and dendrites to the medulla neuropil, and each neuron type makes a characteristic pattern of connections (Takemura et al., 2013 . Different types of neurons express many cell surface proteins in common (e.g., hundreds) and they also express others in a cell-type-enriched fashion (Tan et al., 2015) . Many of these proteins exhibit homophilic or heterophilic binding or both, and thus may interact with proteins expressed on the surface of other neurons in the developing neuropil. We propose that DIPs and Dprs act with other specificity molecules in a combinatorial and partially redundant fashion to allow axons and dendrites to discriminate between the diverse neuronal cell surfaces they encounter during visual circuit assembly. As DIPs and Dprs are expressed in a cell-type-specific fashion throughout the developing CNS (Carrillo et al., 2015; Ö zkan et al., 2013) , it seems likely that these proteins will act in different combinations to contribute to wiring specificity beyond the developing visual system.
Hassan and Hiesinger have recently proposed that wiring can be understood through simple cellular rules rather than through molecular dissection of the pathways regulating these processes (Hassan and Hiesinger, 2015) . While we too share the wish that circuit assembly relies upon simple cellular rules, we believe it is only through molecular and genetic studies that rules, simple or not, will be established. One possibility is that the vast diversity of neuronal morphologies and patterns of connectivity will rely, in part, on the duplication and divergence of binding specificities of different classes of cell recognition molecules (e.g., whether homophilic or heterophilic) and the precise patterns of expression of these proteins in discrete neuronal subclasses. These proteins must act in various combinations with other broadly expressed proteins, such as N-cadherin, different levels of proteins (e.g., Ephs and Ephrins) expressed in a graded fashion, and a core set of evolutionarily conserved guidance molecules (e.g., netrins, Slits, and semaphorins) to regulate the interactions between developing neurons as they assemble into circuits. Dramatic advances in technology-from CRISPRbased mutagenesis, to single-cell sequencing, microscopy, and optogenetics-provide unprecedented opportunities to uncover the molecular solutions that have evolved to create neural circuits, and the developmental principles upon which circuit assembly rests.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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DECLARATION OF INTERESTS EXPERIMENTAL MODEL AND SUBJECT DETAILS
Flies were reared at 25 C on standard medium. For developmental analysis and sorting experiments white pre-pupae were collected and incubated for the indicated number of hours. Fly lines used in this study are listed in the Key Resources Table. Geotypes and sex of flies used for each experiment are provided in Table S1 . FreeStyle 293F cells were cultured in suspension in Freestyle 293 Expression medium at 37 C and 10% CO 2 . For monoclonal antibody production, mice were handled following protocols approved by the Chancellor's Animal Research Committee (ARC) at UCLA.
METHOD DETAILS
Generation of null alleles using CRISPR We generally chose two protospacer sequences that are 50-400 bp away from each other, in the upstream exons, to create a short deletion leading to a nonsense mutation upstream of the protein sequence. High score protospacer sequence was chosen on http:// crispr.dfci.harvard.edu/SSC/. We cloned each protospacer into pU6-2-sgRNA-short (Addgene 41700) plasmid and coinjected two plasmids into vas-Cas9 line (BDSC 51323 or 51324, depending on which chromosome the gene is at) in Bestgene. Injected larvae were crossed with balancer lines, and screened in F1for single flies carrying the mutation. A mutant stock was established from this single F1. sgRNA sequences are listed in Table S2 . Detailed protocols are available upon request.
DIP-a
null1 deleted sequence: CGCCGGACTTCATCAGCGAGGACACCTCATCCGATGTGATTGTGCCGGAG DIP-a null2 deleted sequence: CGTCGGACGCGATGCAACCTTCACGTGTCACGTCCGACACTTGGGCGGCTATCGGGTAAGT CATCAGTTAACGCCAGTGCACTGGAAATCCAGCATGCATCGAACTAAGTATTTTCCAAGTGTTTGTCATGTCGAATTTAACATAC TTTCCAATAAGGTGGGCTGGCTCAAGGCCGACACCAAGGCCATTCAAGCCATCCACGAGAACGTAATCACGCACAATCCTCGC dpr6 null deleted sequence: CCCATAGAGGGCTACAATTCGCTGGATGACCTGCTGACAACCACGCCCACACCCGGCCAGGCG GCCCTCCTCCTGCCCACCGCGCCCACCGCCGCCTACACGCATCCCAAGTGGAT dpr10 null deleted sequence: GTGCTACCAGCGGCAATCTGTAAGCAACAACAATCACAATAACGCCGAGGCGAAGCCCACCCAT GCGCCACCCTCGC dpr6-10 L deleted sequence: large deletion was made spanning dpr6 and 10 loci.
The sequence deleted in this mutant is 120kb, between dpr6 exon 2 to dpr10 exon 2. dpr6-10 S deleted sequence: short deletions were made in both dpr6 and dpr10 loci. Sequence deleted in dpr6 region (same as dpr6 null ): CCCATAGAGGGCTACAATTCGCTGGATGACCTGCTGACAACCACGCCCA CACCCGGCCAGGCGGCCCTCCTCCTGCCCACCGCGCCCACCGCCGCCTACACGCATCCCAAGTGGAT Sequence deleted in dpr10 region: GTGTGCTACCAGCGGCAATCTGTAAGCAACAACAATCACAATAACGCCGAGGCGAAGCC CACCCATGCGCCACC DIP-g null deleted sequence: GGCAGGACGCGAGGCCATCCTGGCCTGCTCGGTGCGCAATCTCGGCAAGAATAAGGTGAGCTA GAATGATTTACCTTGCATTGCAATATATATAATATGATATATAATCCCCTGATAATAGGTTGGTTGGCTGAGAGCCTCCGATCAGA CCGTTTTAGCTCTCCAAGGTCGCGTTGTCACCCATAATGCGAGA Insertion right upstream of the deleted sequence: ATGCCGGCACAT dpr11 null deleted sequence: CGACATCGGGACTCGTGGAGCCCTATCTGGATGGCTACGCCACTTCCAATGTGACCACTCAG Insertion right upstream of the deleted sequence: ATATCT Generation of heterophilic and homophilic interaction-defective flies DIP-a het-homo and DIP-a homo : The genomic sequence of DIP-a exon2-exon4 was first replaced with sequence of attP-3XP3-DsRedattP using a CRISPR-based knock-in strategy (DIP-a NM flies). DIP-a exon2-exon4 carrying I83D or A78K+N94D point mutants, which disrupt hetero-homophilic interaction or homophilic interaction only, were cloned into the pBluscript KS(+) vector. Product constructs were injected into DIP-a NM flies generated above and mutations were introduced into the genome through FC31 recombinase-mediated cassette exchange (Bestgene). Dpr10 het : Dpr10 exon3 carrying Y103D mutant, which disrupts heterophilic interaction, was cloned into pHD-DsRed-attP vector (with the attp site removed), and this plasmid was injected into Vas-Cas9(X);+/+;dpr6 null flies at Bestgene to generate the mutants using a CRISPR-based knock-in strategy. sgRNA sequences are listed in Table S2 . Detailed protocols are available upon request.
Generation of UAS-transgenic flies cDNA encoding Dpr6F, Dpr10D, Dpr11 and DIP-a were cloned into the pJFRC28 vector (Pfeiffer et al., 2012) using standard molecular biology methods. V5 sequence was inserted after signal peptide and before Ig1 for DIP-a and Dpr6F, Dpr10D. Transgenes were inserted into specific landing sites by injection of fertilized embryos (Bestgene). UAS-Dpr6, UAS-Dpr10 used attP-3B site, UASDpr-11 used the attP40 site, and UAS-DIP-a used attP9A site. Plasmid and primer design were carried out using the software Snapgene. Plasmids and detailed sequences are available upon request.
